Dielectric and polarization measurements were made on single crystal BaTi03 in a hydrostatic medium to 38 kbar. The nature of the ferroelectric phase transition is observed to go from first to second order near 35 kbar and -40 C. The pressure -temperature -electric-field phase diagram of BaTi03 is measured. The tricritical point is indicated in this part of the phase diagram by a change in shape of both the real and imaginary parts of the dielectric response as the material passes through the cubic to tetragonal phase transition in zero electric field and by the pressure dependence of the critical points at the ends of the paraelectric-to-ferroelectric phase lines.
INTRODUCTION
At pressures below 40 kbar, BaTi03 is cubic at higher temperatures, but it undergoes a phase transition to a tetragonal phase with a small elongation of the c axis as the temperature is lowered. In the cubic phase the oxygens are centered on the six faces of a cubic cell with barium atoms at the corners and titanium at the body center of the cell. Below the transition temperature one of the cubic axes is stretched slightly (less than l%%uo) and the cell defined by the barium atoms becomes tetragonal, with the titanium atoms shifted off the body center along the tetragonal axis and the oxygen atoms displaced from the face centers in the opposite direction. Since the titanium and oxygen have opposite electrical charges, a dipole moment is set up and the tetragonal phase is ferroelectric with a spontaneous polarization along the c axis. More detail of this transition is given in Jona and Shirane. ' This phase transition (near 130'C for a pure melt-grown crystal at ambient pressure) is first order. However, it has been conjectured for several years that this phase transition in BaTi03 would change from first to second order at high enough pressure. ' Such a point would be called a tricritical point.
Early pressure studies on this material demonstrated that the transition temperature diminishes with pressure and that the peak of the dielectric constant anomaly increases with pressure. This latter result led to the prediction that the transition was approaching a continuous transition as the pressure was increased. Clark and Benguigui measured the dielectric constant of a BaTiO3 crystal in a nonhydrostatic pressure cell, and although the transition region became very broad, they reported a tricritical point at 34 kbar and 18 C. They Fig. 1 with gold-plated bellows making the electrical contact to the electroded BaTi03 surface. The capacitance data, the thermocouple emf, and the manganin resistance were all fed to a Hewlett Packard HP9825A desk computer where the data were analyzed and plotted. The dielectric measurements were made either by slowly varying the temperature at constant press load and monitoring the pres-
SUSCEPTIBILITY Dielectric measurements
We have examined samples from several sources: Auxgrown "butterAy" material from Samara, Nemelka, and Cleveland Crystal, and a small end from a melt-grown crystal from Linz. The best of the Aux-grown material was from Cleveland Crystal and had a large dielectric peak at the transition near 124 C and atmospheric pressure, and a sharp polarization hysteresis pattern. The melt-grown crystal had no region free enough of strain that we could pole it. It would not saturate in polarization studies to 10 kV/cm. It did give good dielectric constant measurements and showed a sharp discontinuity at the transition near 134'C at atmospheric pressure. The magnitude of the discontinuity increased with increasing pressure. From c-domain regions of the Aux-grown samples we cut 2-mm square sections with a wire saw. They were about 0.3 mm thick. They were etched lightly with phosphoric acid above the transition temperature before evaporating gold electrodes on the larger surfaces. Samples of about this same size were cut from the melt-grown material which were then polished, etched, and electroded.
The pressure system was a 400-ton hexahedral press. The six anvils press on the faces of a 25-mm on edge pyrophyllite cube into which was placed a 6.4-mm-diameter by 20-mm-long chamber containing the sample in a liquid environment as shown in Fig. 1 In Fig. 2 we show the variation of the dielectric constant calculated from the measured capacitance, and the loss factor versus pressure through the ferroelectric phase transition at 24 C. The phase transition at this temperature appears at 20 kbar, as seen in the figure. In Fig. 3 we show a collection of dielectric measurements, i.e. , real and imaginary components of the dielectric constant, at constant load versus temperature. The pressure in kilobars, indicated on each curve, is that at the transition. (7) y, '=( Ao+aPo)(1+mS)t+aS(1+mS)t (8) where t = T To and P PO=-S(T -T-o) gives the pressure increase due to thermal expansion as the temperature is increased. We substitute Eqs. (7) or (8) into (6) 
